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phnels of AGARD. it waet held int tl-le Institut Franco-aillemand de Reche~rches de Saint-Louis, France,

between 27 May and. 30 196:9f.. The program coamv'ttee -ia~ chaired by M4. 1'iing. en chef A. Auriol and
consi ted of --erlbers of both paei a

The? purpos)e of thsrerl)r+ 'As to evaluate and assess the scientific aj.d technical content of theI

Zl !tin9 and to dran co roi)ns that nqay assist AGARY) and those directing research in planning future
work and follow-up --r. he author hat, been able to call, upon M. A. Auriol and Prof, J.A.
Stp -tcse for assstanco in Plepa v~ing th, report, but nevertheless must t6':e full responsibility for
opinicns exnpxeased,

The meeting was concerned w t, two related but nepertheless distinct subjects, engine noise and
sonic bocm, ard each s~so.was rdevnted to one or the other of these subjects, except for Session 1,
Vwhichn -.onatitutpd a su,--vey of thF whole situation. We shall, therefore. divide this irepoiA into two
etaic) ScOtions, rather that, atwpt F. purely' chronological report.

fBafor-e doing so, howover:, we should report on the survey paper by Professor Lilley (e which
led off the meeting and set the stage for discussions of both noise and sonic boom. This was a review
of the physics of noise production and propagation, drawing upon Lighthill's well known formulation
of the prob~'am as well as the, wori of 'Snitham, Ffowcs Williams. Ribner, and others. The paper made very
clear thnat Fsarodynemenc nolse cind the sonic boom phenomenon have much in common, to a great extent
justifying our treati -ncj the two in a siniqie specialists' meeting. Professor Lilley's Paper suggests
that, except for the important ratter of noise due to turbulence the basic physics is mostly in-hand,
even though there surely are details that requiire further stu.;y and a host of practical results still
to be deduced and confirmed, For the turbulent jet, indeed, fundamental understanding is meager.

11.* !NGNE NOISE

A suitable backdrop f,-r the week's discussions of engine noise was provided by Messrs. Hoover
and Cochran (" who set fortn trie airport noise problem from the standpoint of a re ulatory agency.
explaining how dp,7tach tine tvkie-off noise requirements are fl:'fined and presenting ch-r~s showing noise
levels of preztnt aircraft and pipsdrequirements for the f iture.

The paper by P. Planko (24) concerning airport noise mi-ht diso be mentioned at this point.
M4. rPianko ro nortted on airplane flioht paths (traiectoraies) for minimum noise.

A. Fundamef, .,-ci Topicoe

r S~sin I was devoted almost completely to fk idamental problems of acrodyn-.0c ;iuise. In spits
of totit t0e f..aper bv Dr. \GoTdon (6) was principally concerned with snme basic prupertios of

turuiet-19t. p~pcialy clid gnertedby heimpingement of th low on obstacles,
T I,' * _q,-A noi se, as contraeoet twith, the quadrupole noiss of the tu iolence itself, and it has* the

posloility of be"cominq a doilant 0;ierwt1 at 1; lt in tUrbofan enginei # The experiments repo, ed hors
did not, suggest the presence of "'qnil dant fale sound. In discussion it was emphnsized that thisI
rveearcn is pertinent, to re",e~ iaione nosince blades and varies will produce this (dipole) type of

The paper bay Mr. Martlew (7) rksportd on, the noise produced In supercritical jots by oscillations
of the-ir shock-cell patterns. Theseepeises were made In the N.G.T.E. anechoic chamber. It

4 becomes cea that these shork r. -.- '.- ir-prtant source of jt. no'se and that this noise has
strikinq d4 ccrtionai properties.

I~n a related paper- Inl a lattc '"soneri, i and Wolluy (2~3, prese; *a experimental results

of an invft isatlon of a choked air jet in enr usitqreetric screech mode. These are detailed, tisei-
resolved measuomen1s of the field near tl Jot.

are ciaracterietic of a sound field produced by a sound-sourcp (jircraft) in high-speed motion.
!here arise important cii-,roonal effects; especially in relation to tuirbulent-jet noise there &,v
signrificant effects due to the motion of eddies In the direction opposite to that of the aircraft.
Departing froms his ineintod pwprer, Ptof-Azor Ffowct Williams described the use of the shallow-wo~or
analogy In true-s exptriments. Ho atote:s that mono;pole, dipole, and quaidrupole effects are
clearly recogniaad io rile vxperimtnts.

SNumbers in pa.-entheses rqfer tr. paiyorv listed et tihe end of this report.



M. Thomas rcported, in his paper (10), on Intriguing experiments concerning the effects of
reflection of jeL noise from the ground. His Analysis of the phenomenon draw upon published th oeetical
worke the affect of the ground depends upon the frequency, of course, and therefore upon the spectral
r oopertiss of a real jet. His oxperiments investigated the effects of Jet size (r zle diameter),
index of reflection (for imperfect reflectors), and tectral distribution. The results suggest that
the idealizations cf point-source and perfect reflector will be adequate for practical purposes.

A detailed effort to relate a series of jet-noise experiments to the theories of Liahthill and
Ffow-c-s Williams was reported by Messrs. Voce and iush (31). They conclude that the theory, which
assumes randomly oriented quadrupoles, can be improved in some respects if an additional distribution
of lateral quadrupoles is superimposed. The new theoryc however, leaves somn detail% unresolved, ano
further s9udies are in progress.

B. Practical Applications.

There were at least two papers +'--I- .rpresented attempts to synthesie, from available tnaories,
practical procedures by wnich the noise properties of real airplanes can be predicted during the process
of design. The first of these, by M. Kobrynski (9), sparked some lively discussion, for it followed
the theoretical paper by Ffowcs Wili'ims and was concerned with some of the same phenomena. This seemed
to be a clash between practical engineers on one hand and scienLific investigators on the other. They
disagreed as to whether there e:1sts an adequate body of reliable experimental data to permit this kind
of prediction. The second paper along similar lines was presented by MM. Hoch and Duponchel (i)1 it
was concerned with the estimation oi turboj(' noise and consisted principally of a selection of graphs
from which, g._ven the design parameters of the engine and the flight speed, the designer should be able
to estimate the noise produced.

The paper by VMr. Rekos (33) concerning NASA's "Quiet Engine Program" is somewhat related, for it
too attempts to predict turbojet noise and to select engine design parameters to minimize it. It would
be interesting to put NASA's engine design through the SNECAM prediction scheme. The Bair, Yasutake,
Metzler Nper (34) wa- also related. 't recounted the history of the designers' attempts to predict
the noise properties of the C5A transport airplane - efforts which seem, in retrospect, riot to have been
particularly successful.

There were a number of papers devoted to experimental techniques, instrLanentation, and facilities
in the engine-Poise field (18), (22). ihere were several (17), (19), (35) repotring on devices used to
suppr-ss engine noise - most of these were concerned with isolated engines. So far as fan noise is
concerned, these suppression techniques seem to be remarkah', ifective. By contrast, the C5A, mentionew'
above, may be the archetype of the modern, .arge airplane .,, ,e hiqh-b- ss engines have received no
sound-alleviation treatment.

C. C nclusions.

The impression received trom Fiofassor Lilley's survey, mentioned above, was not contradicted by
the papers and discussion of the subsequ n, sessions. With few excepions - areas where fundamental
physic- is lacking are those con arned wi .h turbulent flow. Even if the hablc case of the subsonic jet
at rest is reasonably well undergtood, the same cannot be claimed for supersonic jets, especially as
they typically invol]e random dipole effects, oscillating shock cells, and high speeds of flight, Clear-
ly, we are suffering from our incomrleto understanding of turbulence itself, and it is i..monplace to
recommend once again that fundamental studies in that area be enrouraqed. We must hope that prediction
and even alleviatio- of jet noise will riot await full resolution of the mysteries of turbulent flows,
but will require only continued research on the particular features that dominate the noite phenomena.
But one senses from this specialists' meeting that we are only beginning to know what these are.

There are other aspects of the engine-noise problem that received only brief mention in this mee-
ting but will i~qulre 'he attention of researcn workers. Among tlese are improved estimateS Ot t" +ran-
slent loads on the bla(es of fans and compressors, elucidation of suCn matters as reflection and rrfrac-
tion of sound - perhap. even generation of sound - at various p'aces in the airplene-plus- engine system,end the whole matter of nonlinear Pffects. The most basic treatments of the sonic-boom phenomenon haverequired progress beyond classical linesr theory, and it is clear that in 3ome engine-noise problems

there are disturbances of sufficient magnitude a3 to produce analogous effects. The .uoject of "pseudo-
sound" - pre'sure fluctuations associated with non-propagating dintubance fields - was also not discus-

sed at Saint-Louis, although it is sometimes of major concern in aeronautical engineering.

Experimental results in the aerodynamic-noise area generally agree satisfactorily with theory, but
in most cabes the measurements are rather giobal ', character, rather than detailed.

III. SONIC BOOM

The background for this part of the meeting was provided by a trio 'f talks on matturs outside the
realm of fluid mechanics. The first, by Col. and Mrs. Taylor (2), was a iev~ew of the legal picture, i
propos the boom, in the U.S.A. The picture is based almost entirely on the history of litigation con-
cerning airplane noise, and involves the delicate balance between legal principles defending air coimer-
ce as an essential feature r iodern life and opposing doctrines that protect persons from annoyance,
harrassmant, and invasion o privacy. The conclusion can only be that the subject is moot and is non-

ts.. .. In the aerc..auticol wo-l-'.

Die. Von Gierke and Nixon's review of the seromeolcal aspects (5) was in the same general exposito-
ry spirit. Even severe sonic booms, repe.tedly applied, seem not to cause physiological damage to human
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subjects, but booms involving maximum overpressures of only L.0 to l.b lb./sq. ft. h ve been found con-

sistently effective in aw. ning sleepers. There was cony s -rable discus!-n, touching, a - ng , 'her

matters, ;n the possible overriding importance of indoor, rather than outr -. pressure signatures.

Thirdly, Dr. Weber (4) reported on detailed measurements of structural response to sonic booms. ixcita-
tion of variouc structural components of instrumented buildings struck by some 25 controlled booms was
determined.

A. Fundamental Topics.

In his paper on the sonic boom produced by bodies of revolution (11), Profess,. Oswatitsch report-

ted on studies based on the method of characteristics and therefore independent of certain approximations

frequently introduced in calculating sonic-boom signatures at greet distances from the aircraft. He con-

cluded that the familiar asymptotic theories are inadequate in cases involving accelerated flight and/or
stratified atmospheres. These conclusions agree with those of other investigators, notably in the U.S.A.,

where calculation procedures of considerable elaboration are now being used.

The paper of rofe~nr Guiraud (12) introduced the subject of tne focusilg effect and thc related
mathematical and physical phenomena, including the so-called "cau.tic". These occur in a number of prac-
tical cases involving linear acceleration, flight-path curvature, and/or atmospheric stratification. He
carried over to our field the principles of the theory of so-called "short waves" - also called slowly-
varying waves - dev eloped in other fields of physics. The focusing appears as a singularity in the theo-
ry, and nonlinear effects become essential. in discussion, Professor Hayes suggested that the phenome-
non itself is a linear one, but that a nonlinear theory becomes necessary because of the appearance of
shock weve' in the interesting cases; the speaker agreede M. Thryls paper (13) was concerned with the
same topic, viz., reflection of the shock wave frum the ;autic surface, Pnd also from the ground. The
approaches of MM. Guiraud and Thiry are somewhat differentl 7hiry's calculation reproduced Guiraud's
similitude and provided the value of the magnification due to focusing in the supt,,mnic domain. He also
provided charts from which the details of reflection from ground can be ascertained.

The paper of Drs. Cheng and Goldburg (16) concerned a particular proposal, made in the U.S.A.
about a year earlier, to reduce sonic-boom effects by electrical means. Their analysis confirms that
corona die 'arge ahead of an aircraft might be used to reduce the shock stxength, but that the power
required would be grossly excessive.

B. Expsri: ental Results and Techniques.

There were three papers reporting explicitly on experience in the comparison of theoretical re-
sults with flight results. The first of these (15), by Messrs. Powers, Sands, and Maglieri, was an
analysis of the major American overflight programs. Instrumentation has become more and more sophisti-
cated, many experimental data are now available, and many details of the pressure patterns produced by
aircraft in .,teady flight have bee6 compared with theoretical predictions. In general, ac-oemtnt is
remarkably good, and there are few surprises. There are, by now, enough data t- support qmpirical
conclusions about statistical variations from still-aIr theoretical predictk. . Further , es of the
-ffects of atmospheric inhomoqeneities are still needed. The paper included a few data on structural
and seismic effects. Drs. Angell, Herbert, and Hass (2b) reported further on the oveiillgyit-vb.- theory
comparison, namely on the effects of .tmospheric properties. [he statistical conclusions regarding the
effects of atmpsnerlc ttbulence seems definitivo; the differences n-ted between st.le and unstable
atmospheres is striking.

A most interesting and difficult flight investigation was reported by M. Wanner (14), namely ob-
a servations of one of the focusing phenomena previously discussed by MA. Guiraud and Thiry, In these

flights the focusing was produced by horizontal turns and by accelerated horizontal flight. It was un-
oerstandably difricult to produce the desired phe.nomena at exactly the location of the instrumentation
array on the ground; nevertheless, at least 27 good cases were measured. They produced overpreassure
maqnifications (compared to level flight at the same Mach noebor) varying from. 1.4 to 5.1. These are
reported to be greater than obtained in certain NASA flight tests. The data are presented In a recent
CEV Report. *

Sonic-boom simulation techniques wer# discusseA by Messrs. Warren (28) and Schwartz (29). The
former reported principally on technique% using explosives, which have been used with consai'-:bl#
success since about 19611 he also described "Blunderbuss', which involves bursting of a r easu ize
sphsre (or conical segment thereof) and has produced, at model scale, satisfactory N-wavos. In response
to a query, he stated that rise--time in the N-wave can be controlled so as to simulate a') 0. Oct of at-
mospheric turbulence discussed earlier by Dr. Angell. Mr. Schwartz described shock-tube, wind-tunnel,

and ballistic-range techniques. There was considerable discussion, foliowing these papers, of simula-
tion of finite rise-times, near-field sig atures, very long signustures, and similar pract*:!l features.

C. Practical Applications.

The single lecture that was primarily concerned with airplane design ani configuration effects on

the sonic boom was the one by Messrs. Howell, Sigalla, and Kane (30). In this very informative paper
the effects of changes of wing planform, engine location, chordwise lift distribution, and similar fea-
tures were shoen. Some of the unconventional schemes that have been proposed weer included in these
comparisons. ; ne of these was the electrical "-" tom f-rebdy" scheme discossed by Cheng and Goldburg
(shove). Effects on both far - and mid-field .tures were discus sed. It is, of course, impressive
to see how compensating effects, such as weight ponalties, occur and limit the airplane designer's scope

as he attac,. "he sonic-boom problem.

V.pport d'Etude N1 277 ,' Opration Jericho Virago", MEV Annexe d'Istres, Per Ing. ' Vallie.

-- ,pr
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D. Conclusions: Round Table Discussion.

The final session of the meeting consisted of a Rouind-Table devoted to the topic "Prospects '-i-
Sonic-Boom Alleviation". Since Its purpose was to summsarize and to extract conclusions from the week's
dilscussions of the sonic boom, a report on the Round TAble can serve as the basis for the closing re-

marks of this report. Participants were Professor Hayes, Professor So-)bass, M. Vall4e, and Pr. Warren,
with Professoi Sears servino as moderator.

Professor Hayes suwiarized the present status of the problim from the 3tandpoirt of a theorist.
He pointed out that the theory is in excellent shape, at lean, in principle. On~e needs Whitham's func-
tion F, and star~a with the lift distribution, which one can calculate; Lhen the theory of geometrical
acoustics, with nonlinear distortions accounted for, is a straljntforward matter. It can be appited to
cases invo3"i,.P 4oc""ing. Ho, %x- the focusing as a practical problom and proposed on-board computors,
to lay out trajectories to avoid focusing on the ground et undesirable locations.

He believed that *the caustic probli rcoj'ires monre resear-ch. There are even possibilities of
super-superbooms -cusps in a caustic surface; nothiig has buen dont! about this stubject. He thuught the
effects of turbulence should be esseatially different for large- And small-scale turbulence, the former
producing the statistical deviation from theory mentio n some of the papers, the latter prnduolng
rounding-off of the sign..tures, finite rise times, etc. iinally, 'he proposed further studies of the so-
called ubangless boom" - signatures freep of shocks.

Professor Seebass discussed jjroapects for alleviation in two c-t, goriest aerodynamic and 'exotic",
the former defined, perhap.; by t'~e constancy of the Bernoulli con~tant. The exotic schemes must often
be discarued because the airplane designer cannot afford much compromise w'th performa3nce. They compete
with alleviation by means of incr-;ed altitude, reduced weight, and improved L/D and ,ppcific fuel
consumption. He remembered' that Professor Ferri had suggested making airplanes longer and people smaller.

He discussed' the "bangless-boom" possibility, which follows f-omr the discoveries of YcLean and
Hayes, and emphasiz. that both front and rear shocks must be considered In es,'oltinq these nrinciples.

M. Vall4o returned to the focusing problem. "Focusing factors" as large as 5 were observod in
Project Jericho (as reio _1 by M. Wanner (14)), and a project called "Jericho Target" will now explore
the subject further - p",.>,ps isuper-superbooms will be prod.ced. Nevertheless, he did not consider
focusing e frightful phenomenon. He was sure that 5 was a kind of maximum value. Furthermore, the
focusing usually occurs at moderate Mach number - say 1.2 - where an overpressure of 5 timps the steady-

flight value is often not so great anyway. Tht phenomenon is local and we do know how to positurn it,
within a few kilometers. He thought Professor Hayes' idea of an on-board computer- was rp~sonable.

Mr, Warren agreed that the real problem still lips in cruising flight. He emphislized the xtremi
importance of drag In the oerformance of the airplane; comrpr. ises of the order of one perce;nt Zr at

be tolerated: "one percent in drag is important; ten percent In overpressure is r.'antts." He re-emnha-
sized the significanc- of indoof phienomena in the miatter of pub lic acceptance, and stated that toeare
we 1ly related to the il .pUlSe, rather than the maximum ov'rprt5a ure.

There was lively d.scusslon, limited h)y lack of ttmne. Professor Hayes cautioned againqt pklttino
too inoch faitn in two criteria mentioned frequently during the Meeting, viz. Pt~db" (percei1vcd noiso in
decibels) and "focusing ratio". Professor Sears quentioned, I propos P- ofessor Hayes' ref-irks, whethe'r
the problem of lift distribution Is really in-h)and In the required req4;., of fliohnt,

So far as sonic-boom phenomena 3re con- irned, then, an overly brief sumnary of the week'z discus-
sion might say, firstly, that the theory is .emarkably well developed and succes.sful - racly % feat o&
fluiu-machanical re!sarch - bu, it leads to no panacfasl rsther, it sugqests that mrajor alleviation in
practice will not be forthcoming in the foreseeable I'h wre. So ndiy, that those features cI the 3onlc
boom that remain to be elucidated may be somewhat pextp ieral to thc main priblem. flhat the ierc'dynami-
cuat Is still not told precisely what features ol the sionaturp are undeel rable is probably inhefrent in
the situation, for tho answers A'-4 at best statistical and at 'wrrst ephemeral or sub.ectivy. If the -n%-
wars become available with the pa. age of time - as, for esample, "Ihe r'quireme-ts for gus. lQ&d% 'n air
craft became available in t!he history of aero-iutir- - the 1-3:e3i pr-epa-ed t, t:ran!slate t!he- imt
configurations. But it is not yet clear whether these cAri be economically vi~ibls airplane onfurj

IV. CCNCIUDING REMARrS

The St-Louis %seeting surely justified th t:. "specialists" In its title. noi recelved t'o ins-
prossioni that all present were truly knowledgeablt in this ,nprtarnt field of technology ar-d that their
expertise stpanned a broad ranqo from the highily mthematical t,; tho severely practical. The* mixi:g if
propulalon and iluid-dynamics specialists was eminently succossf; the dividig line between tne cAt.-gories was never visible. Clearly, wich importan. inforDAtior. was exchanged throuqho-ut the mootli .
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1 G.M. Lilley Physics of Nc se

2 JP. and E.R.G. A Brief Legal History of the Sonic Boom in America
Taylnr

3 1.11. Hoover and Airoort Design and Operation for Minirmi Noise Exposure
D.G. Cochran

4 G. Weber Probability of Aircraft Noise and Sonic Boom Induced Building Damage

5 H. von Gierke and Human Response to Sonic Booms
C.W. Nixon

6 C.G. Gordon T'ivhnfan Engine Noise - Mechanisms and Control

7 D.L. Martlew Noise Associated with Shock Waves in Suporsonic Jets

8 J.E. Ffow*cs Williams Jet Noise Crom Movin.; Aircraft

9 M. Kobrynski Determination du Champ Sonora Produit per l'Evolution doe AvionA
i R.~actions

'0 P. Thomas Etudes dos Intiorflrencei Acoustiques per R~flexian. ADopl cation aux
Spactresj do Pression Acoustique dos Jets

11 K. 0swatitsch Sonic Boom of bodies of Revolution

12 J.P. Guiraud Focalisation dans les Ondes Courtes non Lindaires. Application su
Bruit Balistique do Focilisation.

13 C. Th~ry R~fraction Atmosph~rique at Rhflexion ou Sol dei Bangs

14 I.C. Penner Essaii en Vol do Mirage IV

15 1.2. Maglieri Theory Calculation and Experiment~l ReSilts

l6 Sin-I. Chang and An Analysis of Sonic Boom Reduction by Electro-serodynomic end

A. LioldbLurg Cncxibustion Interaction

17 C.J. Oeber Tha Development of Acoustic Absorbers for Turbofan Engines

119 S.N. Suclo an(! Aircraft Engine No~ise Mea.surement Techniqiies, Facilities andJ Test
0-.R. Morgan R it

13 .2 Keater G..naration and Supprs~ision o' Comination Toni Nolsq from Turbofan

20 H .A. Dahle on EX oeriments n the Noise Emissio>i of Coaxial Jets
,,I R. Hioch and Motho,*e d'Esti.-a.tion du Bruit d'uu Turboriactear i Parcir do st*

:.P. Donchel -snadours Theroprpuliuve',

22 J . Hsly M~th,1.s do De,ouilleaeot at de Tr ltoment do lIinfor-ation Acoust qe
Po~ur l'iEtud du Bruit dos Lote ,is d' Avio.-.

23 R. wostivy and The Near Field Sound Preoirts of a Diaked Jet 1>rirq a S&roch Cycle

24 M. Pjsnko Etude d! Bru.it dos Aylofi! so D,,co'1505

25 D. Dini :nd N. N-iti ;roond C'onfiq~uration Effects on 5,onic Boom

211- K. Angeoll, 3.A. A Prsli 'nsry Study of the Ata *phric Effttl* on !Ih* Sonic B00o,
Herbert a d P.A. Hess

k.S.. Care The S Imulotion of Sonic Bangs

N . &hwartzz Soii , Booe. Siwulation Faciliti*6

31, C.S. H,%o11, A. Sonic B<on 2onlldorsiont in Aircraft Dus!%-)
sig~la -A E. Kan*

3 j 2. U. woc 0 and An Application- of Quadruolei Theory to CZrrtlate th~e Dlrect!Yaty
P.A, l.Ush an- Spectra of Niqhr Speed Jet N4oise

32 A. Schno~dor sod YTI o *,,s#

'.F. Rokos Enoin. )u.eting - Enqin# CDosiqris

3A '.A. Beir, J.'f. N@ so T hsacteri &tics of the C-SA Heavy Loqjistit Trans-port
Yasutaceo %nd
".R. Metzler

35 N.F. Rekeoa iolno Quietinq - gisaoell Acoistic Treatent


